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Innate immunityHeat shock protein 90 (HSP90) is a highly conserved and essential molecular chaperone involved in maturation
and activation of signaling proteins in eukaryotes. HSP90 operates as a dimer in a conformational cycle driven by
ATP binding and hydrolysis. HSP90 often functions together with co-chaperones that regulate the conformation-
al cycle and/or load a substrate “client” protein onto HSP90. In plants, immune sensing NLR (nucleotide-binding
domain and leucine-rich repeat containing) proteins are among the few known client proteins of HSP90. In the
process of chaperoning NLR proteins, co-chaperones, RAR1 and SGT1 function together with HSP90. Recent
structural and functional analyses indicate that RAR1 dynamically controls conformational changes of the
HSP90 dimer, allowing SGT1 to bridge the interaction between NLR proteins and HSP90. Here, we discuss the
regulation of NLR proteins by HSP90 upon interaction with RAR1 and SGT1, emphasizing the recent progress
in our understanding of the structure and function of the complex. This article is part of a Special Issue entitled:
Heat Shock Protein 90 (HSP90).hock Protein 90 (HSP90).
+81 45 503 9573.
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Heat shock protein 90 (HSP90) is a highly conserved protein
involved in the assembly, maturation, stabilization and activation of
key signaling proteins such as protein kinases, hormone receptors
and transcription factors in eukaryotic cells [1]. HSP90 is composed
of three domains, the N-terminal ATPase domain (ND), the middle
domain (MD) important for client binding, and the C-terminal dimer-
ization domain (CD) (Fig. 1) [1]. Upon ATP binding, the “lid” segment
of HSP90-ND rotates nearly 180° to enclose ATP, and the two HSP90-
NDs come into contact to form a closed conformation of the dimer
creating an active ATPase enzymatic site with the key arginine
residue (Arg380 in yeast) from the catalytic loop of HSP90-MD [4].
Once ATP is hydrolyzed, the lid segment rotates and the HSP90
dimer forms an open conformation. This conformational cycle of
HSP90 is essential for its chaperoning functions. Each domain of
HSP90 interacts with speciﬁc proteins, called co-chaperones, which
regulate HSP90 function in a variety of ways (Table 1). For example,
the co-chaperone HOP/STI1 binds to HSP90-CD and inhibits the
ATPase cycle of HSP90 [5–8]. Other co-chaperones such as AHA1,
CPR6, and P50/CDC37 bind to HSP90-MD, regulating the activation
of ATPase function or loading substrate clients [5,9].2. HSP90 and co-chaperones in plants
In plants, speciﬁc HSP90 proteins are found in different cellular com-
partments. For, example, the Arabidopsis thaliana genome encodes four
cytosolic (HSP90.1, HSP90.2, HSP90.3 and HSP90.4), one chloroplast-
localized (HSP90.5), one mitochondria-localized (HSP90.6), and one
endoplasmic reticulum-localized HSP90 (HSP90.7) [2]. In particular,
the gene encoding cytosolic HSP90.1 resides just 1.3 Mbp away from
the gene cluster for Hsp90.2, Hsp90.3 andHsp90.4 on the same chromo-
some, suggestingmultiplication of HSP90 encoding genes in Arabidopsis
[2]. Although the cellular localization patterns are distinct, the biochem-
ical functions of these HSP90 proteins are predicted to be similar since
their amino acid sequence identities to other eukaryotic HSP90s are sig-
niﬁcantly high. In addition, many co-chaperones including P23, AHA1,
HOP/STI1, FKBP and protein phosphatase 5 (PP5) are also conserved in
plants and retain HSP90 binding capacity [10–16]. HSP90 and these co-
chaperones are likely to play important roles in many essential cellular
processes in plants. For example, mutation of chloroplast-localized
HSP90.5 in Arabidopsis alters responses to red light, chlorate resistance
and constitutively delays chloroplast development, possibly through
the defects in import or folding of chloroplast proteins [17]. ER-localized
HSP90.7 has important roles in correct folding and/or the formation of
CLV1/CLV2 transmembrane-type receptor complex, which is essential
for the shoot and ﬂoral meristem development [18]. Although the
knockoutmutants of cytosolic Hsp90s do not showobviousmorpholog-
ical phenotype, knocking out of both Hsp90.1 and Hsp90.2 genes leads
to lethality [3], showing essential and redundant roles of these proteins.
HSP90 also functions to buffer genetic variations in morphogenetic
pathway [19–21]. Partial inhibition of HSP90 activity by its speciﬁc
inhibitor, geldanamycin (GDA), or the constitutive reduction of four
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Fig. 1. Schematic representation of the domain structures of HSP90, NLR proteins, SGT1 and CHORD-containing proteins. HSP90 is composed of an N-terminal ATPase domain (ND),
a substrate binding middle domain (MD) and a C-terminal dimerization domain (CD). NLR proteins have a nucleotide-binding (NB) domain and a leucine-rich repeat (LRR) domain.
The NB domain of animal NLR proteins is known as the NACHT (NAIP, CIITA, HET-E, and TP1) domain. The numerous plant NLR proteins are divided into two subfamilies: CC (coiled-
coil) and TIR (Toll and interleukin receptor). By contrast, human NOD1 and NOD2 proteins have a CARD (caspase recruitment domain; green) domain, whereas NLRP has a PYD
(pyrin domain; dark blue) domain. SGT1 contains, tetratricopeptide repeats (TPR), CS and a SGT1-speciﬁc domain (SGS). Plant RAR1 contains two cysteine- and histidine-rich
domains (CHORD) and a CCCH-containing domain (CCCH), whereas human homologues, CHP1 and Melusin, have two CHORDs and CHORD-containing protein and SGT1 (CS) domain.
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phenotypes in seedlings such as epinastic cotyledons, altered rosette
symmetry, radically symmetric leaves and abnormal growth of root
hairs [19,22]. These phenotypes are dependent on genetic variations
and are at lowpenetrancewhenHSP90 activity is normal. The reduction
of four cytosolic HSP90s also causes other phenotypes in adult plants
such as (1) loss of apical dominancewhich is the phenomenonwhereby
the main central stem is dominant over other side stems, (2) multiple
shoots which initially developed fused together but eventually separated
(3) greater number of leaves, (4) delayed ﬂowering time and (5) reduced
number of seeds.
HSP90 and its co-chaperones are also involved in abiotic stress
responses. HSP90 and HSP70 negatively regulates the heat stress
transcription factors (HSFs) which are required for heat stress
responses including activation of the series of heat stress (hs) genes,
multi gene families encoding molecular chaperones [23,24]. Heat
shock triggers nuclear retention of HSFA1, the expression of HSFA2
and HSFB1 and the formation of heterooligomeric complex of HSFA1
and HSFA2 in tomato [25,26]. HSP90 controls the HSFA2 level by
modulating the transcript degradation, while HSP70 inhibits the
DNA binding of HSFA1 by direct interaction [27]. HSP90 also interacts
with HSFB1 and induces DNA binding and these interactions are pre-
requisite for triggering proteasomal degradation of HSFB1. These re-
sults show that in this case, HSP90 functions in protein degradation
of clients rather than stabilization or folding. FK506-binding proteins
(FKBPs), ROF1 and ROF2 are also involved in the heat stress responses
as co-chaperones [13,14].
Immune sensors in plants are also well known substrates for HSP90.
To recognize potential pathogens, higher eukaryotic organisms use
extra- or intracellular sensors as the initial switch in the induction of
disease defense responses [28,29]. In plants, the extracellular sensors,
or pattern recognition receptors (PRRs), recognize pathogen-derived
molecules called pathogen-associated molecular patterns. HSP90 and
HOP/STI1 binds to CERK1, a PRR recognizing fungal chitins and are re-
quired for maturation and transport from the endoplasmic reticulumto plasma membrane [16]. In contrast, the intracellular sensors, the
nucleotide-binding site and leucine-rich repeat domain containing
(NLR) proteins recognize directly or indirectly virulence effecter
proteins that are delivered by pathogens into host cells [30,31].
HSP90 together with co-chaperones RAR1 (required for MLA12
resistance) and SGT1 (suppressor of G2 allele of SKP1) are required
for stabilizing many NLR proteins [32–36]. Another co-chaperone,
PP5 is also involved in stabilization of NLR protein, I-2, but to a
much lesser extent [15]. Unlike other co-chaperones, both RAR1
and SGT1 bind to each other and form a ternary complex with
HSP90 [37,38]. The rest of this review focuses on the mechanism for
regulating NLR proteins by HSP90 with this unique dual co-chaperone
system.
3. NLR proteins and their chaperone complex
3.1. NLR proteins as HSP90 client
NLR proteins are the cytosolic sensors containing nucleotide-binding
sites (NB) and leucine-rich repeat domains (LRR) (Fig. 1). A number of
genes encoding NLR proteins (often called resistance or R genes) have
been isolated and characterized over the past 15 years from a variety of
plant species and are widely used in agricultural breeding since they
confer the ability to recognize and combat pathogens. There are approxi-
mately 150NLR-protein encoding genes in the A. thaliana genome and up
to 600 of these genes in rice. In humans, 21 NLR proteins (also called
NOD-like or CATERPILLER proteins) also function as cytosolic immune
sensors that recognize pathogen-derived compounds or host danger
signals [39,40].
Some plant NLR proteins are known to associate with HSP90. For
example, NLR proteins, RPM1 [36] and N [41] can be co-immunopre-
cipitated with HSP90. The LRR domains are likely to be the targets of
HSP90 since the LRR domains of NLR proteins such as MLA1, MLA6
and N associate with HSP90 [41–43]. Knockout or silencing of RAR1,
SGT1, or HSP90, as well as treatments with GDA, a speciﬁc inhibitor
Table 1
Abbreviation of the proteins and the domains in this review.
Co-chaperones
AHA1: an HSP90 co-chaperone that stimulates the rate of ATP hydrolysis
CDC37: cell division cycle 37
CHP1: CHORD-containing protein 1
CPR6: Saccharomyces cerevisiae cyclophilin 6
FKBP: FK506-binding protein
HOP/STI1: Hsp organizing protein/stress inducible protein
Melusin: muscle-speciﬁc integrin bold beta 1-interacting protein
RAR1: required for Mla12 resistance 1
ROF: ROTAMASE FKBP
SGT1: suppressor of G-two allele of skp1
NLR proteins
I-2: resistance to Fusarium oxysporum f. sp. lycopersici race 2
MLA: mildew-resistance locus A
N: resistance to tobacco mosaic virus
NLRP: nucleotide-binding oligomerization domain, LRR and PYD domains-
containing protein
NLRC: nucleotide-binding oligomerization domain, LRR and CARD domain
containing
NOD: nucleotide-binding oligomerization domain
RPM1: resistance to Pseudomonas maculicola
RPP: resistance to Peronspora parasitica
RPS: resistance to Pseudomonas syringae
Rx: resistance to potato virus X
SNC1: suppressor of npr1-1, constitutive 1
Other proteins
CLV: Clavata
CERK1: chitin elicitor receptor kinase1
CPR1: constitutive expresser of pathogenesis-related genes
HS: heat stress
HSF: heat stress transcription factors
SKP1: suppressor of kinetochore protein
SRFR1: Suppressor of rps4-RLD1
Domains
CC: coiled-coil
CCCH: CCCH containing domain
CHORD: cystein and histidine-rich domain
CS: CHORD and SGT1 motif
LRR: leucine-rich repeat
NB: nucleotide binding site
SGS: SGT1 speciﬁc domain
TIR: Toll and interleukin receptor motif
TPR: tetratrico peptide repeat
PYD: pyrin domain
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35,41,42,44–48] and also reduces the protein levels of all NLR pro-
teins tested (RPM1 [36], RPS2 [34], MLA1, MLA6 [42], Rx [49] and
RPS5 [50]). Thus, NLR proteins are likely to be bona ﬁde clients of
the HSP90 chaperone complex.
3.2. SGT1
Most plant NLR proteins also require SGT1 for their functions
[32,33,35,51,52]. SGT1 is conserved in eukaryotes and controls key
biological processes including kinetochore assembly, ubiquitination,
activation of the cyclic AMP pathway, and stabilization of Polo kinase
[32,34,53–56]. SGT1 consists of three distinct domains, TPR (tetratri-
copeptide repeats), CS (CHORD-containing protein and SGT1) and
SGS (SGT1 speciﬁc domain); the SGS domain links SGT1 and the
LRR-containing proteins (Fig. 1). For instance, in plants the SGS
domain is sufﬁcient for SGT1's interaction with the LRR of MLA1
and BS2 [42,43]. In yeast, SGT1 is required for the function of the
LRR-containing adenylyl cyclase, and a mutation in the SGT1-SGS do-
main suppresses a temperature-sensitive allele in the LRR domain
[54]. Several known TPR domains speciﬁcally recognize the C-terminal
pentapeptide MEEVD of HSP90 [57]. However, deletion and NMRanalyses of SGT1-TPR indicate that this domain is not directly involved
in the interaction with HSP90 [34,58]. In contrast, the SGT1-CS domain
mediates the interaction with HSP90-ND. Yeast SGT1 can form a
homodimer through the TPR domain that is required for yeast kineto-
chore assembly [59,60]. Plant SGT1 is able to form a homodimer through
TPR, but truncated forms of TPR had no effect on the functionality of SGT1
in plant immunity [49].
In animals, HSP90 and SGT1 are essential for the immune
responses triggered by NLR immune sensors such as NOD1, NOD2
and NLRP3 [61,62]. Of particular interest, SGT1 knockdown prevents
NOD1-dependent cytokine synthesis and NLRP3-dependent inﬂam-
matory responses to bacterial peptidoglycans [62]. Treatments with
GDA also inhibit the NOD2-mediated activation of NF-kB and
NLRP3-mediated inﬂammatory responses [61]. Co-immunoprecipita-
tion experiments showed that many NLR immune sensors in animals
form a complex with SGT1 and HSP90 (namely NLRP2, NLRP4,
NLRP12, NOD1, NOD2, and NLRC4) [62]. HSP90 knockdown or treat-
ments with GDA reduce NOD1 and NOD2 protein levels [62]. Thus,
as in the case of plant NLR proteins, human NLR immune sensors re-
quire the HSP90 chaperone activity for maintaining their steady-state
levels. However, in contrast to plant SGT1, knockdown of animal SGT1
did not affect NOD1 and NOD2 protein abundance. This result sug-
gests that animal SGT1 might not simply be involved in stabilization
of NLR proteins but rather functions for their maturation by regulat-
ing their signaling competency.
3.3. RAR1 and CHORD containing proteins
Like HSP90 and SGT1, RAR1 is a conserved eukaryotic protein that
contains two similar cysteine and histidine-rich domains (CHORD1
and CHORD2) (Fig. 1) [33]. Both CHORD domains bind to two zinc
atoms that are important for proper folding of the protein [38]. Rar1
is a single-copy gene in plants and rar1 mutants have no detectable
phenotype other than loss of disease resistance, indicating that, un-
like SGT1 and HSP90, RAR1 functions only in immunity in higher
plants. Both CHORD domains interact with HSP90-ND, whereas
RAR1-CHORD2 also interacts with SGT1-CS [32,37,38,63].
Mice and humans have two CHORD-containing proteins, namely
CHP1 and Melusin. Interestingly, these proteins possess two CHORD
domains and one CS domain in tandem (Fig. 1) [33]. Both CHORD1
and CHORD2 of human CHP1, as well as Melusin, can clearly associate
with HSP90 [64,65]. In vivo, CHP1 associates with NOD1 and Melusin
associates with SGT1, suggesting some analogies with plant RAR1.
However, silencing CHP1 did not impair the function of human NLR
proteins NOD1 or NOD2 in breast cancer cell lines [64]. Melusin is a
mammalian muscle-speciﬁc protein capable of activating signal
transduction pathways leading to cardiac muscle cell hypertrophy
in response to mechanical stress [66], but its role in immune sensors
remains to be elucidated.
4. Structural insights of the HSP90–SGT1 complex and HSP90–
SGT1–RAR1 complex
4.1. The SGT1–HSP90 interaction
The SGT1-CS domain binds to both HSP90-ND and RAR1-CHORD2.
Both plant and human SGT1-CS domains form a β-sandwich structure
made of seven antiparallelβ-strands [37,58,67] (Fig. 2A). The β-sandwich
structure of SGT1-CS is similar to P23, but their modes of binding to
HSP90 are quite distinct. P23 forms a complex with the closed state of
HSP90 in a 2:2 stoichiometry (Fig. 2B) [4,68]. Each P23 molecule lies in
a depression at the junctionmade of twoHSP90-NDs and a large interface
of one HSP90-MD. P23 interacts with the residues that are available
on the closed-lid segment in the ATP-bound conformation of HSP90,
explaining the ATP-dependency of HSP90 binding to P23 [69,70]. These
interactions probably stabilize the closed conformation of HSP90 dimer
Lid closed
P23
P23
AMP-PNP
AMP-PNP
Lid closed
(B)
Lid open
ADP
SGT1-CS(C)
HSP90 -ND
N-HSP90
HSP90-ND
(A) SGT1-CS
C
N
Fig. 2. Structural insights into the SGT1-CS, the HSP90-ND–SGT1-CS complex and the
P23–HSP90-ND complex. (A) Structure of SGT1-CS. The structure of SGT1-CS is a β-
sandwich made of seven antiparallel β-strands. The four stranded face in the front
side binds to HSP90-ND whereas the three stranded face in the back binds to RAR1-
CHORD2. (B) Structure of the yeast HSP90-ND–P23 (orange) complex (PDB: 2CG9).
When ATP or AMP-PNP (non-hydrolysable ATP analog) binds to HSP90-ND, the lid
(red) rotates nearly 180° from the open position, stabilizing the ND association within
the HSP90 dimer. Each P23 selectively binds to an ATP-bound HSP90, inhibits its
ATPase activity and stabilizes the closed conformation of the HSP90 dimer. (C) Struc-
ture of the complex formed between SGT1-CS (pink) and HSP90-ND (yellow) (PDB:
2JKI). The SGT1-CS binds to the ADP-bound HSP90-ND with the lid segment open
(red).
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required for substrate maturation. (Fig. 2B) [4]. Despite of the structural
similarity between SGT1-CS and P23, neither full length SGT1 nor the
SGT1-CS domain alone alters theATPase activity ofHSP90 [37,71]. Indeed,
SGT1-CS and P23 bind to distinct sites of HSP90 (Fig. 2C) [11,38,67]. The
conserved surface (four-stranded surface) of the SGT1-CS domain binds
to the ﬁrst strand and the third helix of HSP90-ND that is located far
from the ATP-binding pocket and the lid segment (Fig. 2C) [37,67].
The interaction between SGT1-CS and HSP90 is weakly inhibited
by AMP-PNP (non-hydrolysable ATP analog) but enhanced by GDA
[11,71]. Since SGT1-CS binds to the ADP-bound conformation of
HSP90-ND with the lid open, SGT1 might have a higher afﬁnity to
the HSP90 dimer in the open conformation. The interaction points
are provided by Glu6 and Phe8 from the N-terminal strand of
HSP90. The N-terminal strand moves to a large extent during the
ATPase cycle. In the open conformation, the N-terminal strand stays
on its HSP90-ND [72] and when the dimer shifts to the closed confor-
mation, the N-terminal strand of each HSP90-ND moves to the other
HSP90-ND and exchanges position with each other [4,38].
All the residues in the SGT1-CS domain that are involved in the
interaction with HSP90 are highly conserved in eukaryotes, and
most of the corresponding HSP90 residues are invariant, suggesting
that the modes of HSP90–SGT1 binding are highly conserved
[11,37,67]. Although a point mutation in the HSP90 binding interface
of yeast SGT1 results in few effects, double mutations cause lethality
[67]. In plants, the SGT1-CS mutations that abolish HSP90-ND binding
compromise resistance against pathogens, and cause the reduction of
steady-state levels of NLR proteins, suggesting that the interactionbetween SGT1-CS and HSP90-ND is a crucial step in stabilizing NLR
proteins [11,67].4.2. CHORD2 structure
Recently, the crystal structure of the HSP90–SGT1–RAR1 core
complex was solved (Fig. 3A) [38]. The crystal is a heterohexamer
that contains two molecules of HSP90-ND, SGT1-CS and RAR1-
CHORD2. The RAR1-CHORD2 domain has a cylindrical structure
with two structural Zn2+ ions (Fig. 3B). The C-terminal lobe consists
of a three stranded antiparallel β-sheet with one face covered by a
short α-helix. The N-terminal lobe is composed of four antiparallel
β-sheets, one of which extends from the C-terminal lobe. The N-
terminal lobe binds to the three-stranded face of SGT1-CS, opposite
the HSP90 binding site, whereas the C-terminal lobe binds to
HSP90-ND (Fig. 3A). Importantly, the mode of interaction between
HSP90-ND and SGT1-CS appears to be unaffected by RAR1 since no
changes are detected in the HSP90–SGT1 interaction surface [38].4.3. The RAR1–SGT1 interaction
RAR1-CHORD1 and RAR1-CHORD2 share a high sequence similar-
ity and, in particular, the zinc holding residues are totally conserved.
However, only RAR1-CHORD2, but not RAR1-CHORD1, interacts with
SGT1-CS [32]. Consistently, all the residues involved in SGT1 interac-
tion are strongly conserved in RAR1-CHORD2, but not in RAR1-
CHORD1 in plants [38]. However, these residues are poorly conserved
in mammalian (CHP1 and Melusin) CHORD2. The residues in plant
SGT1-CS responsible for RAR1-CHORD2 binding are also not well con-
served in the CS domain of mammalian SGT1. Thus, in mammals
CHORD2 domains may not bind to SGT1-CS.4.4. The RAR1–HSP90 interaction
Most HSP90-ND residues involved in the interaction with RAR1
are invariant across species [38]. Similarly, all RAR1 residues respon-
sible for HSP90 interaction are also well conserved in both CHORD1
and CHORD2, suggesting that the ability to bind to HSP90-ND is a
conserved feature of all CHORDs. However, the binding of HSP90-
ND to RAR1-CHORD1 is much stronger than CHORD2, at least in
vitro or in yeast two-hybrid assays. Indeed, the mutations of the
HSP90-interacting residues on RAR1-CHORD1 have much stronger
effects on the HSP90–RAR1 interaction than the corresponding muta-
tions in RAR1-CHORD2, suggesting that the interaction between
RAR1-CHORD1 and HSP90-ND makes the major contribution to the
binary HSP90–RAR1 complex.4.5. The stoichiometry of HSP90–SGT1 complex and HSP90–SGT1–RAR1
complex
In vitro experiments showed that only one molecule of RAR1 can
bind to the HSP90 dimer [38], suggesting that RAR1-CHORD1 oc-
cupies the N-terminal binding site of an HSP90 molecule, whereas
RAR1-CHORD2 binds to the other HSP90 in the dimer, thus forming
the HSP90–RAR1 binary complex in a 2:1 stoichiometry. In contrast,
in the presence of SGT1, RAR1-CHORD2 facilitates ternary complex
formation with HSP90-ND and SGT1-CS. Although the crystal struc-
ture contains a heterohexamer of HSP90-ND, SGT1-CS and RAR1-
CHORD2, only one molecule of RAR1, as a full length protein can
exists in the HSP90–SGT1–RAR1 complex in vitro[38]. This result
also predicts that only one molecule of RAR1 forms a ternary complex
with SGT1 and HSP90 dimer in a 1:1:2 stoichiometry (Fig. 3C).
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Fig. 3. Structural insights into the HSP90–SGT1–RAR1 core complex. (A) Structure of
the ternary complex with plant RAR1-CHORD2 (light cyan), SGT1-CS (pink) and
HSP90-ND (yellow, PDB: 2XCM). RAR1 binds to SGT1-CS and HSP90-ND at opposite
ends. (B) Structure of RAR1-CHORD2 domain (PDB: 2XCM). The structural zinc ions
(cyan) and their cysteine and histidine ligands (dark blue) are indicated. These cyste-
ine and histidine residues are invariant in both CHORD domains in plants and animals.
(C) A model of an asymmetric HSP90–SGT1–RAR1 complex based on the crystal struc-
ture and biochemical interaction data [38]. One RAR1 molecule occupies both nucleo-
tide-bound HSP90 ND binding sites. One HSP90-ND binds to RAR1-CHORD2 and the
other HSP90-ND interacts with both RAR1-CHORD1 and SGT1-CS.
N39
S38
R190
H188
D189
Zn2+
Pα
Pβ
RAR1-CHORD2
HSP90-ND
Fig. 4. RAR1 contacts with a nucleotide bound to HSP90. Molecular interactions
between the RAR1-CHORD2 domain and the nucleotide bound to HSP90-ND [38].
The imidazole ring of His188 interacts directly with the β-phosphate of the bound
ADP, whereas the carboxylate side chain of Asp189 interacts with the solvation shell
of the Zn2+ ion that bridges the α- and β-phosphate groups of the nucleotide.
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5.1. RAR1 facilitates the assembly of the complex
Isothermal titration calorimetry (ITC) experiments showed that
the Kd value for the interaction between SGT1-CS and HSP90-ND is
relatively high (43 μM) and this interaction is much weaker for the
full-length SGT1 and HSP90 [38,67]. RAR1 signiﬁcantly enhances the
interaction between SGT1 and HSP90, probably through direct inter-
action with both proteins. The Kd values of the interactions between
RAR1-CHORD2 and SGT1-CS is 3.09 μM, much lower than that be-
tween HSP90-ND and SGT1-CS, suggesting that the RAR1–SGT1 inter-
action should play an important role for ternary complex formation.
Indeed, the RAR1-CHORD2 mutations that abolish interaction with
SGT1 are not able to enhance ternary complex formation. Important-
ly, these mutations compromise resistance against pathogens in
planta, indicating that the RAR1–SGT1 interaction is the critical step
for the assembly of the HSP90–SGT1–RAR1 complex as well as for
the regulation of NLR proteins.
In addition to the interaction between RAR1-CHORD2 and SGT1,
RAR1-CHORD1 binding to HSP90 also contributes to the assembly of
the HSP90–SGT1–RAR1 ternary complex. For example, the RAR1-
CHORD1 mutations that reduce binding to HSP90 compromise terna-
ry complex formation [38]. However, when HSP90 is at much higher
concentrations, these RAR1-CHORD1 mutants are able to induce ter-
nary complex formation. These results suggest that the interaction
between RAR1-CHORD1 and-HSP90 may not be essential but may
assist CHORD2 in ﬁnding HSP90-ND to form a stable ternary complex.
SGT1-SGS binds to the LRR domain of NLR proteins, MLA1 and
MLA6 [42], implying that SGT1 may function to bridge NLR proteinand the HSP90 dimer. Importantly, RAR1 also enhances the interac-
tion between SGT1 and NLR proteins on HSP90. For this role, only
RAR1-CHORD2 but not RAR1-CHORD1 is required. Thus, one possible
explanation is that RAR1-CHORD2 interaction with SGT1-CS might in-
duce the structural conformation of SGT1 and enhance the afﬁnity of
the SGT1-SGS domain to NLR proteins. To uncover this mechanism,
we need to know how the SGT1-SGS domain interacts with NLR pro-
teins and the effect of RAR1-CHORD2 binding on the structural
conformation of SGT1 in the future. Since SGT1-SGS alone is intrinsi-
cally unfolded [58], this domain may be folded only after interaction
with NLR proteins. However, given the profound divergence observed
in LRR sequences, it remains unknown how the highly conserved
SGT1-SGS domain recognizes these highly variable binding partners.
One hypothesis might be that SGT1-SGS binds to LRRs through an
adaptor protein. A candidate for this role is HSP70, which binds to
the SGT1-SGS domain [73,74]. Overexpression of HSP70 compromises
NLR protein-mediated resistance, suggesting that HSP70 protein may
work for NLR protein regulation.
Small heat shock protein, HSP20 is shown to interact with LRR of
NLR protein, I-2 for stabilization [75]. The HSP20 is an ATP-independent
chaperone that forms an oligomeric complex with client proteins and
protects from unfolding and subsequent aggregation. This result may
suggest that NLR proteins are stabilized by at least two steps, ATP-
independent HSP20 dependent step and ATP-dependent HSP90 depen-
dent step.5.2. RAR1 directly binds to the bound nucleotide in HSP90
One of the most interesting characteristic features of the interac-
tion between HSP90-ND and RAR1-CHORD2 is that the side chains
of two residues in RAR1-CHORD2 interact directly with the Mg-ADP
bound in the nucleotide pocket of HSP90-ND (Fig. 4) [38]. The side
chain of His188 hydrogen bonds to the β-phosphate of the ADP,
whereas the side chain of Asp189 interacts with the two water mole-
cules attached to the magnesium ion between the ADP phosphates
and HSP90:Asn39. These amino acid residues in both CHORD1 and
CHORD2 are highly conserved from plants to animals, with His188 in-
variant and Asp189 conservatively varied to glutamate in some cases.
The interaction between RAR1-CHORD1 and HSP90 is signiﬁcantly
enhanced by addition of ADP, and to a lesser degree AMP, ATP, or
AMP-PNP [38].
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enhances its ATPase activity
Hubert et al. identiﬁed two rar1 suppressor mutants that partially
suppress phenotypes of rar1 such as the loss of NLR protein accumu-
lation and the loss of resistance conferred by NLR proteins [3]. Inter-
estingly, the causal mutations are found at the N-terminal strand of
an HSP90 protein (A11T), and at MD (R337C) physically adjacent to
the ATPase domain in the closed conformation of HSP90 dimer
(Fig. 5A). Importantly, these two mutants are neither functionally
null nor hyperactive but are the true suppressors of the loss of RAR1
activity. In the ATP-bound closed conformation of HSP90, R337
binds to V115 and S116 from the closed-lid segment of the same
monomer (Fig. 5A). Thus, the R337Cmutation is most likely to disturb
these interactions and destabilize the lid-closed conformation. A11
from the N-terminal segment of the other monomer contacts T96
near the base of the hinge. Consequently, the A11T mutation would
be expected to decrease the binding of the N-terminal region to the
opposing monomer and destabilize the lid-closed conformation.
These results suggest that destabilization of the lid-closed structure
by the two mutations may mimic RAR1 function. Indeed, the two
mutations cause a reduction in HSP90-ND dimer formation in vitro
[3]. Thus, destabilization of the closed-lid segment by RAR1, or by
the R377C or A11T mutation, leads to the open conformation of the
HSP90 dimer (Fig. 5B).S116
V115
T96
A11
R337
(A) Closed conformation of HSP90-ND
Lid closed Middle d
N-terminal β-strand
AMP-PNP
(C) Thermal parameters
in RAR1–SGT1–HSP90 complex
ADP
Fig. 5. RAR1 is likely to destabilize the lid-closed conformation of HSP90. (A) HSP90 mutati
and R337 are shown in the structure of AMP-PNP bound HSP90-ND in yeast (PDB: 2CG9)
segment (red). A11 from the N-terminal β-strand of the other HSP90 contacts T96 near
conformation. (B) Structure of the yeast ADP-bound HSP90-ND with its lid open (red) (PDB
signiﬁcantly higher thermal parameters (rainbow colored low: blue/high: red), and in som
ture [38]. (D) The lid segment in HSP90-ND from the binary SGT1-CS HSP90-ND complex [67
ture of the HSP90-ND domain.The lid-closed conformation is important for the ATPase activity of
HSP90 as it permits access by the catalytic arginine residue on the MD
catalytic loop to the γ-phosphate of ATP [4]. Thus, steric overlap be-
tween RAR1 interaction with the lid-closed conformation may result
in the inhibitory effect on ATPase activity of HSP90 [4]. However,
RAR1 enhances the ATPase activity of HSP90 in vitro in a concentra-
tion-dependent manner [38]. Interestingly, this ATPase activity still
requires the catalytic arginine, thus the arginine residue should also
contact the ATP-binding pocket in the open-conformation of HSP90
dimer with RAR1 [38]. In fact, the lid segment of HSP90-ND in the ter-
nary complex is very mobile and ﬂexible, as it has high temperature
factors relative to the rest of HSP90-ND (Fig. 5C). In contrast, the lid
segment in the HSP90-ND–SGT1-CS binary complex is well ordered
with low relative temperature factors (Fig. 5D). Therefore, binding
by the RAR1-CHORD2 domain facilitates the transition from the lid-
open conformation to the intermediate swinging conformation. The
ﬂexible lid segment may facilitate its displacement and permit access
by the catalytic loop of HSP90-MD to hydrolyze ATP. To validate this
hypothesis in the future, we need to determine the structure of
HSP90-MD in the ternary complex, although we expect difﬁculties
in obtaining a crystal due to the ﬂexibility of the lid segments in the
complex and the intrinsic ﬂexibility in the HSP90-MD.
How does RAR1 enhance the ATPase activity of HSP90? One possi-
ble hypothesis is that RAR1 can induce ATP hydrolysis of HSP90 with-
out dynamic conformational changes in the HSP90 dimer. Recent(B) Open conformation of HSP90-ND
Lid open
omain
ADP
(D) Thermal parameters 
in SGT1–HSP90 complex
ADP
ons (A11T and R337C) may affect the lid-closed conformation [3]. The positions of A11
[4]. R337 of the middle domain (orange) binds to V115 and S116 from the closed-lid
the base of the hinge. Thus, both mutations are thought to destabilize the lid-closed
: 1AMW) [85]. (C) In the core ternary complex of HSP90–SGT1–RAR1, the lid displays
e crystals is fully disordered, with little coherent electron density for much of its struc-
], is well ordered and shows relative thermal parameters comparable to the core struc-
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molecule FRET-based HSP90-folding assay, showed that the confor-
mational transitions are orders of magnitude slower than the ATP-
hydrolysis step and, thus, are the rate-limiting events during the reac-
tion cycle [76,77]. The reaction cycle of ATP-hydrolysis by HSP90 with
RAR1 may be faster than that without RAR1 because the former does
not require formation of the lid-closed conformation and the closed
conformation of the HSP90 dimer.
6. A proposed model for NLR protein maturation by the HSP90–
SGT1–RAR1 complex
Based on structural and functional analyses, we propose a model
for NLR protein maturation by the HSP90–SGT1–RAR1 ternary com-
plex (Fig. 6). In the ﬁrst step, RAR1-CHORD1 binds to the HSP90
dimer. This step is supported by the following results: (1) in an in
vitro binding assay, the interaction of HSP90–RAR1 is much stronger
than that of HSP90–SGT1 [38]; (2) in the absence of SGT1, the inter-
action between RAR1-CHORD1 and HSP90 is much stronger than
that between RAR1-CHORD2 and HSP90 and contributes signiﬁcantly
to the formation of the binary HSP90–RAR1 complex; (3) the RAR1-
CHORD1 mutants that abolish the interaction with HSP90 also com-
promise the assembly of SGT1 and HSP90. These results suggest the
importance of the initial interaction between RAR1-CHORD1 and
HSP90 for complex assembly.
After RAR1-CHORD1 binds to an ND domain of an HSP90 molecule
in the HSP90 dimer, the effective concentration of the attached RAR1-
CHORD2 domain is greatly enhanced, facilitating its binding to the ND
of the other HSP90. In principle, a single RAR1 molecule could then
bridge the two NDs in the HSP90 dimer. This hypothetical structure
is quite consistent with the fact that only one RAR1 molecule can
bind to the HSP90 dimer in vitro. In this complex, both RAR1-ADP
ATP
ATP hydrolysis
Complex dissociation
Lid open
Catalytic Arg
Mature NLR
Open confor
SGS
CH2 CS
TPR
CH2 CS
TPR
Formation of 
Intra molecular int
Fig. 6. A proposed model for NLR protein maturation by the HSP90–SGT1–RAR1 ternary com
two HSP90-NDs come into contact to form a closed conformation of the dimer, creating a
CHORD1 binds to HSP90-ND with ATP and prevents the formation of the lid-closed conform
HSP90-ND in the dimer. With the association of RAR1-CHORD2, SGT1 is promoted to intera
hibit formation of the closed conformation of HSP90 dimer, there is a sufﬁcient space for SG
very unstable and probably swings around the intermediate position. This ﬂexible lid may
middle domain to the ATP binding site and hydrolyzes ATP. Once ATP is hydrolyzed, RAR1,CHORD1 and RAR1-CHORD2 should inhibit formation of the lid-
closed conformation of HSP90 and keep the HSP90 dimer in an
open conformation, a structure that might be important for the as-
sembly of SGT1 and client NLR proteins. Since RAR1 interaction with
HSP90 is enhanced by nucleotide addition, RAR1-CHORD1 is likely
to bind to the ATP-bound HSP90 dimer in the open conformation
[38]. RAR1–SGT1 interaction can occur before or after the interaction
of RAR1 to HSP90, because the Kd value of the interaction between
RAR1-CHORD2 and SGT1-CS is relatively low. The interaction of
SGT1 to NLR proteins is very weak but greatly enhanced in the pres-
ence of RAR1 independently of HSP90, possibly through a conforma-
tional change of SGT1. Thus the RAR1-CHORD2 interaction with
SGT1 simultaneously with HSP90 should form a very stable HSP90–
SGT1–RAR1–NLR protein complex. Association of RAR1 and SGT1
with HSP90 may lead to release of the ﬂexible lid segment and facili-
tate its displacement, permitting the HSP90-MD catalytic loop to ac-
cess the ATP-binding pocket for ATP hydrolysis. After ATP hydrolysis
and the release of ADP, matured NLR proteins may dissociate from
the HSP90 dimer. It is also possible that mature NLR proteins are
released after recognition of pathogen-derived effecter molecules.
7. Possible mechanisms for HSP90–SGT1–RAR1-mediated
regulation of NLR proteins
In animal, SGT1 knockdown does not affect NLR protein levels but
signiﬁcantly reduced its activity [61], suggesting the role of SGT1 in
maturation and folding of NLR proteins. How does the HSP90–
SGT1–RAR1 complex stabilize and possibly maintain a recognition-
competent state of NLR proteins? Proper folding of NLR proteins is
likely to be critical for maintaining a competent state before activa-
tion. In plants, the NB and LRR domains are known to interact, and
amino acid substitutions within or just upstream of the LRR domainCS
TPR
SGS
Immature NLR
Complex assembly
Closed conformation
Lid closed
mation
Catalytic Arg
Lid swinging
SGS
CH2
eraction
plex. Upon ATP binding, the lid segment of HSP90-ND moves and encloses ATP and the
n active ATPase enzymatic site with the key arginine residue from HSP90-MD. RAR1-
ation. RAR1-CHORD1 binding supports the interaction of RAR1-CHORD2 to the other
ct with HSP90 as well as an NLR protein. Because the interactions of RAR1-CHORDs in-
T1 and NLR protein to bind each other. In the stable ternary complex, the lid segment is
facilitate its displacement and permits access by a catalytic arginine residue from the
SGT1, and NLR protein may dissociate from the HSP90 dimer.
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Autoactivation often occurs when the LRR domain is deleted in NLR
proteins, suggesting that the intramolecular interaction between NB
and LRR maintains an inactive, and possibly competent, state
[79,80]. Notably, SGT1 silencing abolishes the intramolecular interac-
tion between NB and LRR domains [43]. In animals, HSP90, HSP70 and
the co-chaperones are essential for maturation of steroid hormone re-
ceptors [81]. In this process, HSP90 induces a recognition-competent
state of the receptors by subtly altering the ligand-binding pocket.
Since HSP90 interacts with the NB and/or LRR domains in NLR pro-
teins [62], HSP90 might form, together with SGT1, a mature NB pock-
et with the LRR domain [82].
Inhibition of HSP90 by inhibitors such as GDA generally results in
rapid degradation of NLR proteins, indicating a tight link to the qual-
ity control system. SGT1 may provide such a link because SGT1 is also
a regulator of SCF (SKP1–cullin–F-box protein) ubiquitin ligase activ-
ity in yeast [53]. Moreover, the instability of particular NLR proteins,
such as RPS5 or RPP8, in rar1 is reversed in a rar1/sgt1b double mu-
tant [50], suggesting a dual role of SGT1 in both protein stabilization
and degradation. Note that this antagonistic relationship is somehow
speciﬁc to particular proteins and is not the case for other NLR pro-
teins such as RPM1, RPS2, or RPS4. Recently, the F-box protein,
CPR1 is shown to control the stability of NLR proteins, SNC1 and
RPS2 [83]. Loss of function mutations in CPR1 leads to higher accumu-
lation of SNC1 an RPS2, whilst overexpression of CPR1 reduces accumu-
lation of these proteins. Since CPR1 directly interacts with SNC1 and
RPS2 in vivo, these NLR proteins may be the direct target of CPR1 and
the SCF ubiquitin ligase complex. SRFR1, a TPR-containing protein
binds to SGT1 and negatively regulates NLR protein stability [84]. Inter-
estingly, the srfr1 mutation increases NLR protein levels and induces
auto-immune responses. Thus, SRFR1 might inhibit the SGT1 function
for stabilizing NLR proteins, or alternatively enhance the SGT1 function
for NLR protein degradation. However, the roles of SGT1 in proteasomal
degradation of NLR proteins are still remain elusive.
8. Concluding remarks and perspectives
A structure of the HSP90–SGT1–RAR1 core complex and the po-
tential regulation of the HSP90 dimer by RAR1 and SGT1 have been
revealed from structural and functional analyses. However, to obtain
a uniﬁed view of the stabilization and maturation process of NLR pro-
teins by the HSP90–SGT1–RAR1 complex, the stable and recognition-
competent state of NLR proteins need to be identiﬁed. This objective
will require the structural and functional analysis of the HSP90–
SGT1–RAR1 complex bound to NLR proteins from both plants and
mammals.
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